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H F I R  FTJEL ELEMENT PRODUCTION AND OPERATION 

G. M. Adamson, Jr., and R. W. Knight 

ABSTRACT 

The High Flux Isotope Reactor has been i n  operation f o r  
over two years and a t  f u l l  power f o r  one and one-half years with 
no f u e l  element problems - the  s a t i s f a c t o r y  performance being 
indicated by both the  reac tor  operation and the  ho t - ce l l  exmina- 
t i o n  of a burned element. Areas i n  the  f u e l  p l a t e s  with burnups 
estimated as high as  18.6 X lo2' fissions/cm3 showed no s ign i f -  
i can t  i r r a d i a t i o n  damage. Gamma scans of the  p l a t e s  confirmed 
t h a t  the desired flux p r o f i l e s  had been obtained. 

Data a r e  presented showing t h a t  these complex HFIR f u e l  
elements can be produced commercially with the  exce l len t  recovery 
r a t e  of 88.2% f o r  a t o t a l  of over 30,000 p l a t e s .  
causes of plate r e j e c t i o n  were surface d-efects and nonbonds. 
Excellent cont ro l  w a s  achieved of the cladding thickness,  f'uel 
core dimensions, and water-channel spacing. 

While 45 f u e l  assemblies have been del ivered and a l l  have 
been accepted f o r  f'ull-power use, only four inner  elements have 
not required minor waivers of some kind. The waivers arose 
from a v a r i e t y  of causes. There i s  no requirement i n  the  spec- 
i f i c a t i o n s  t h a t  we have been unable t o  meet, and with a few 
minor exceptions no problems have occurred with s u f f i c i e n t  
frequency t o  require  a change i n  the spec i f i ca t ions .  

The major 

INTRODUCTION 

An e a r l i e r  discussion' covered how research reac tor  f u e l  elements, 

including those f o r  HFIR, a r e  fabr ica ted .  

discuss  how the  HFIR f u e l  elements are performing and w h a t  information 

and r e s u l t s  a r e  ava i lab le  from t h e i r  commercial f ab r i ca t ion .  Obviously 

the  work of many individuals  at both ORNL and Metals and Controls has 

been incorporated i n t o  t h i s  presenta t ion .  

I n  t h i s  paper we w i l l  b r i e f l y  

' G .  M. Adamson, Jr., "Fabrication of Research Reactor Fuel Elements," 
paper presented a t  the AEC Industry Meeting, Water Reactor Fuel Element 
Technology, January 29-30, 1968, Washington, D. C.  ; a l s o  OEWL-94-2197 
( i n  p r e s s ) .  



REACTOR OPERATION 

The H F I R  reac tor  system has performed astoundingly well .  It has 

been i n  almost continuous operat ion for two years and a t  f u l l  power f o r  

over one and one-half years wi tn  very few problems. 

t h e  f’uel elements a r e  given i n  Table 1. The consistency of t h e  operating 

exposures i s  very g ra t i fy ing  f o r  such a new machine, espec ia l ly  one 

pushing the  technology as far as t h i s  one did. I n  only a s ing le  case 

was t h e  reac tor  shut down by a poss ib le  f u e l  element problem. This was 

not, a mandatory shutdown, and it now appears t o  have been due t o  an 

incor rec t  judgment, s o  t h e  element w i l l  be returned t o  the  reac tor .  

The outputs Prom 

Table 1. Operating History of HFIR Fuel Elements 

Element 
Cycle 
Number 

Power 
(Mw) 

I 

2 
3 
4 
5 
G 
7 
8 
9 
10 
11 
12 
13 
14 
1s 
16 

20 
50 
75 
90 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

Average 

(1300) 
2230 
231.0 
2349 
20d6 
2266 
2326 
2360 
2360 
2362 
23GGa 
575 

2 306b 
2026 
2296 
2308 
2309 

2281 

a 

!Power outage occurred a t  2026 Mwd. 

This element w a s  removed but w i l l  be re turned 
t o  the  reactor ,  s o  it w a s  not included i n  the  average. 

would not; come back t o  power due Lo f iss ion-product  
buildup during shutdown and l ack  of excess r eac t iv i ty .  

Element 
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Table 2 lists some of the performance criteria for this reactor. 

These data are more impressive when you remember that they are achieved 

with a garbage-can-size aluminum system - not stainless steel or 
zirconium. 

Table 2. Performance Criteria for HFIR 

Characteristic Value 

Reactor power, kw 

Power density, kwlliter 
Average 
Maximum 

Average 
Maximum 

Thermal' 
Fast (>O. 8 MeV) 

Entrance 
Exit 

Heat flux, Btu hr-l ft-2 

Neutron flux, neutrons emm2 sec'l 

b 

Bulk water temperature, "F 

100,000 

2,000 
4? 000 

800,000 
2,100,000 

5 x 1015 
9 x lo1" 

120 
170 

%nperturbed value for center of flux trap 
with an all-water island. 

the horizontal midplane at the radial 
edge of a standard target loading. 

Within the limits of the instrumentation, the only change in the 

elements during operation has been a, buildup in oxide. No changes in 

appearance are visible in the irradiated elements being stored in the 

pool .  

EXAMINATION OF I W D I A T E D  ELEMENT 

An irradiated element is being examined in the hot cells. Prelimi- 

nary results indicate that the element as removed was sound. Figure 1 

shows an outer element in the c e l l  with a f i e 1  plate being cut from the 

side plate. The excellent appearance of both the inside and outside 

surfaces is apparent. An end view of the same element in Fig. 2 shows 
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Fig. 1. In-Cell  Examination of I r r a d i a t e d  KFIR 
Fuel Element. 

R- 415 02 

Fig. 2. End View of I r r a d i a t e d  Outer Fuel Element. 
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the undistuybed condition of the plates. Four fuel plates located 

approximately 90" apart were cut from the element. 

all show similar surface oxide patterns. 

As shown in Fig. 3, 

CONCAVf  SURFACES 

R-41824 
: IS 

- COOLANT FLOW - 
Fig. 3. Surfaces of Fuel Plates from Irradiated Fuel Element. 

Some typical values of the burnup are worth noting. On the horizon- 

tal midplane, the burnup was 11.4 X lo2' fissions/cm3 at the inner edge 

of the fuel region, 6.9 X lo2 '  fission/cm3 midway through the fuel, and 
18.6 X lo2' fissions/cm3 at the outer edge. 
burnup of the fuel; the nominal fuel core temperature was 285°F at that 

point. The highest fuel core temperature was 305°F; it occurred slightly 

below the horizontal midplane at a point where the burnup was 

8.5 X lo2 '  fissions/cm3. 
was apparent, either before or after descaling. While as detailed an 

examination cannot be made of the other plates, we can at least say that 

no major blistering or distortion had occurred. 

This last value is the peak 

No plate distortion or evidence of blistering 

Data on water-channel spacing and fuel plate thicknesses are still 

being analyzed but show only minor or no changes. 

Presented in Fig. 4 is a gamma scan along the center of a plate. 

The shape is an indication of the fission density distribution and is 

quite close to prediction. The smoothness of the curve indicates the 

excellent homogeneity which had been achieved. Two transverse gamma 

scans are shown in Fig. 5. The one at the axial center line shows how 

effective the curved fuel core was in flattening the flux. These were 

made with the curved plate, and the ends have not been completely 

corrected for the angle between the plate and the detector. 
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. 4. L ed 

. 5 .  
Pla te .  



7 

The metallurgical structure found in the central portion of the 

plate is shown in Fig. 6. This photograph at lOOX shows considerable 

variation in the amount of reaction with the various particles. This 

variation seems to be characteristic of such dispersions. The amount of 

reaction is less than had been expected from previous work. Note that 

there is no evidence of cracking or breaking up of the dispersion. 

Cracks usually appear first at the ends or sharp protrusions of the 

particles; none are present at such locations in these specimens. 

would be considered as a good dispersion with an almost complete absence 

of fine fuel particles. Figure 7 shows at higher magnification (25OX) 

the outer edge of the fuel in a section where burnup was the highest. 

It confirms the previous conclusions. It also shows the small voids in 

the least reacted portions of the fuel and very large voids in the 

portions showing the most reaction. At least three different structures 

are present as indicated by colors. 

This 

, I  

:. * .. 
I .  , 

Fig. 6. Metallurgical Structure of Central Portion of Irradiated 
Plate. Estimated burnup 6.9 X lo2’ fissions/cm3. 
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EIZMENT FABRICATION RESULTS 

We have shown t h a t  the elements have performed sa t i s f ac to r i ly ,  but 

can an element of such complexity with such t i g h t  tolerances be fabri -  

cated commercially? We can now answer def ini te ly ,  “Yes, the present 

fue l  element fabr icator  (Metals and Controls) i s  holding t o  the predicted 

delivery schedule and has delivered 48 acceptable assemblies.” 

f e e l  f o r  the magnitude of t h i s  accornplishment may be had by examining 

the  following l i s t ,  which tabulates some of the tolerances tha t  it has 

been necessary t o  meet. 

A be t t e r  
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Fuel P l a t e s  Fuel Elements 

Inner Annulus 
Cr i t ica l  diameter tolerance - 
10.915 f 0 .001 in .  
(concent r ic i ty  0.002 in .  T I R )  

0.0005 i n .  T I R  

C r i t i c a l  diameter tolerance - 
16.754 2 0.002 i n .  
(concent r ic i ty  0.002 in .  TIR) 

C r i t i c a l  surface f l a t n e s s  - 

Outer Annulus 

Core Width 
Outer fuel p l a t e s  

2.760 f 0.024 i n .  each s ide  

Core Length 

P l a t e  Thickness 

20 2 0.25 in .  each end 

0.050 k 0.001 in .  
0.0006 in .  va r i a t ion  
within a p l a t e  

P l a t e  Surface 
Within t h e  f u e l  core out- 

l i n e  - maximum defect  depth 
0.002 i n .  

Uranium Homogeneity 
Spot s i z e  5/64 i n .  

Average 212% over approxi- 

Spot +27$ maximum 

1/16-in. -dim maximum 

mately 1- in .  length 

Nonbond 

I n  t h e  remaining por t ions  of t h i s  paper we w i l l  p resent  some of 

the  da ta  obtained during t h e  f u e l  element production. 

show how wel l  t he  spec i f i ca t ions  a r e  being met and what i t e m s  a r e  

causing r e j ec t ions  o r  t rouble .  

These data w i l l  

Fuel P l a t e  Rejects 

The causes of f u e l  p l a t e  r e j ec t ions  a re  summarized i n  Fig. 8 f o r  

From t h i s  l a r g e  number, only 15.7$ the  f i rs t  30,220 p l a t e s  produced. 

were r e j ec t ed  and 3.9% of  these were accepted by'ORNL on waiver, making 

a l o s s  of 11.8%. Although these  f igu res  a re  good, a f t e r  25,000 p l a t e s ,  

they were 11.5, 2.3, and 9.276, respect ively.  

bars ,  t h e  major cause of r e j ec t ions  has been surface defec ts  and 

nonbonds, which include any b l i s t e r s ,  

A s  may be seen by t h e  

A s  may be seen by Fig. 9, we have recent ly  experienced a l a rge  

increase i n  both of these  categories .  A l l  o thers  have shown e i t h e r  a 



Y- 84901 

Y-84900 

TOTAL PLATES = 30,220 

ACCEPTED ON WAIVER= 1,194=3.9% 
TOTAL REJECTED= 4730~15.7% 

TOTAL SCRAP=3,536=11.8% 

Fig. 8. HFIR Fuel P l a t e  Recovery Data. 

2or- - -ap- 
GROUP 1-2/19/66-10/30/65-5020 PLfrE! 

2- 6/4/66-5090 
3- 10/22/66-5136 " 

4- 1/20/67-5040 
5- 5/13/67-4000 
6- 

15 

9/30/67-5104 ' 

10 

5 

- 
:o 1 2 3 4 5 6  1 2 3 4 5 6  1 2 3 4 5 6  1 2 3 4 5 6  

BOND DEFECTS SURFACE DEFECTS HOMOGENEITY CORE LOCATION 
w 
3 a 

0.5 

0 
1 2 3 4 5 6  1 2 3 4 5 6  1 2 3 4 5 6  1 2 3 4 5 6  

COMPACTS PLATE MMENSICNS FORMED MISCELLANEOUS 

Fig. 9. HFIR Fuel P l a t e  Rejection Data. 

, I . 
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decrease or continued at about the same level. 

scratch permitted in dead soft aluminum, we have had to work very hard 

to keep the surface rejection rates at these levels. The increase in 

surface rejects was caused by an increase in surface roughness of the 

plates, which, in excessive cases, might even be mistaken for very small 

blisters. 

a slight change in impurities or possibly segregation in starting mate- 

rial, coupled wit'n high rolling a n d  annealing temperatures. Incipient 

melting in grain boundaries had occurred within the plates. 

the rolling temperature 25°F appears to have corrected these 

di f f i cult ie s . 

With only a 2-mil  

Both this and the nonbond increase appear to be caused by 

Lowering 

Since this is the first time fuel homogenei-ty has been specified 

and determined for a surface area as small as 5 /G4  in., the  less than 

2$ rejection rate is considered quite acceptable. 

Cladding Thickness 

No plates have been rejected for cladding thickness, despite care- 

ful monitoring. Having established a reasonable confidence level., we 

now destructively examine a minimum of one plate per element, determining 

both average and minimum cladding thickness from five sections with a 

total of over 50 measurements. Distribution curves of the measured 

values for minimum cladding thickness are shown in Fig. 10. The values 

found were significantly different for tile top and bottom cladding but 

were the same for inner and outer elements. The difference was caused 

by the filler portion protecting the cladding from penetration by hard 

f'uel particles. The minimum is well above the specified 8 mils. 

With average cladding thicknesses, there is a tendency to average 

out the hard particle protrusions, and a single curve results for all 

four conditions, peaking between 11 and 11.8 mils wi.th all values well 

above the specified 10 mils. 
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20 

18 

16 

14 

2. 1 2 -  
u 
W 
3 

10- 

Y -80284 

- 
- 
- 
- 

40 INNER PLATES 
4 6  WTER PLATES 

AVERAGE CLAD THICKNESS 
11.35 MILS - TOP 

SPECIF ICATION > 8.0 
X------X BOTTOM 

6 kop , " x  
BOTTOM/ ' 

I 
/ I  

M I N I M U M  CLADDING 
~ TOP 8 BOTTOM 

Fig. 10. Minimum Cladding Thickness Variat ion f o r  HF'IR Fuel P l a t e s .  

Edge Cladding 

We a l s o  have qui te  s a t i s f a c t o r y  cont ro l  of both the  edge and end 

cladding. Dis t r ibu t ion  p l o t s  f o r  t h e  width of t he  edge cladding a r e  

presented i n  Fig.  11. 

values were w e l l  wi thin the spec i f ied  limits, which a r e  beyond the range 

of the graph. 

Again, sharp peaks were 'obtained and the  extreme 

Length of end cladding i s  p l o t t e d  i n  Fig. 1 2 .  The hor izonta l  l i n e s  

across  the  graph show the spec i f ied  l i m i t s .  These p l o t t e d  lengths  

include end e f f e c t s  r e su l t i ng  from taper ,  f l a sh ,  o r  f lak ing;  any evidence 

of even a s ingle  fuel p a r t i c l e  i s  included. The values f o r  these  curves 

would not include p l a t e s  re jec ted  by t h e  normal inspect ion;  however, 
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Fig. 11. Edge Closure Variation in H F I R  Outer Annulus Fuel Plates. 

Fig. 12. End Cladding Variations in HFIR Fuel Plates. The minimum 
and maximum thicknesses are shown for each end of each p l a t e .  
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such re jec t ions  have been cons i s t en t ly  l e s s  t h a n  18, as w a s  shown i n  

Fig.  9. These p l o t s  show r e i a t i v e l y  narrow d i s t r i b u t i o n  ranges wel.1. 

within .the spec i f ied  limits 

Water-Channel Spaci-ng 

Figure 13 demonstrates the cont ro l  t h a t  has been achieved on water- 

channel spacing f o r  - h e  outer  elemerits. Curves are shown f o r  ma.ximum 

a.nd rniilirnum values of both -(;he i.ndividual spot and cross-sect ion averages. 

T h i s  Pi-gure presents  t he  most pessi.mi.stic p i c t u r e  possib1.e stnee it 

includes -the worst value Pound i.n 1845 complete longi tudina l  scans of 

each el-ernent e The element, channel. spacings were measured immediately 

a f t e r  fabr ica t ion .  I n  every case, out-of-tolerarice values were r ead i ly  

corrected before shipping; most occurred air. the  p l a t e  ends and r e su l t ed  

from expansion problems. Even under these very pess imis t ic  aonditions,  

the  da ta  look good; both t h e  element average and t h e  minimum and. m a x i m u m  

channel averages a r e  a l l  within tolerance;  only a. few of the spots  a r e  

out of toierance.  

Fig. 13. Outer Annulus Channel Spacing Measurements. 
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Figure 14 is a plot of similar data from 855 scans for each inner 

The data look even better; only a single maximum average as- element. 

fabricated value is out of specification. 

y-MAX.SPO1 LIMIT y--MAX.AVE. LIMIT ,,--MEAN Y- $5067 

MAX.SPOT 

MIN.SPM LIMIT INNER FUEL ELEMENT NUMBER 

Fig. 14. Inner Annulus Channel Tpacing Measurements. 

ELEMENT WAIVER SUMMARY 

Table 3 illustrates an item with which we are not completely pleased 

but which is not unexpected. 

four inner elements and no outer elements have been accepted without a 

waiver of some kind. 

contained, on the average, two types of defects and 6.5 specification 

deviations per element; similar figures for the outer element were 3.9 

and 12, respectively. However, after careful consideration by the 

technical staff at ORNL, all elements have been accepted for use at the 

design power level. We intend to accept all elements; however, we intend 

to place a ci-imum limit on the power level at which any that contain 

serious defects may be operated. 

Out of a total of 45 fbel assemblies, only 

After the first five assemblies, the inner elements 
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Table 3. Acceptabi l i ty  of 45 € F I R  Fuel Assemblies 

Types Numb e r 

Defects Defects 
Elements of of 

Numb e r 
A c c ep t e d 
Without 
Waivers 

Inner 

1-5 I+. 6 
6-45 2 

Outer 

15.5 
6.5 

0 
4 

1-5 5 .6  37.4 
6-45 3 .9  12 

0 
0 

Table 4 simari .zes  the  t o t a l  number of defects  i n  elements i n  

groupings of f ive .  For both the  inner and outer  elements, the waivers 

a r i s e  from a va r i e ty  of  causes. 

from the  individual  causes a r e  small. We can say t h a t  a11 items i n  the 

spec i f ica t ions  have been met i n  many elements and only a few s ingle  items 

have aypeared i n  the  waiver l i s t  wit'n s u f f i c i e n t  frequency to  require  

changes i n  the  spec i f ica t ions  o r  procedures. No major o r  c r i t i c a l  changes 

have been made i n  the  spec i f ica t ions .  

Wtth only a few exceptions, the  numbers 

CONCLUS PONS 

We hope we have shown t h a t  HFIR i s  t r u l y  an advanced reseazch 

reac tor  pushing the  f r o n t i e r s  of the  technology. I n  s p i t e  of t h i s ,  it 

has been poss ib le  to f ab r i ca t e  the unusual f u e l  elements t o  very t i g h t  

spec i f ica t ions .  An excel lent  performance has been obtained with these 

elements during reac tor  operati-on, and a spent element under examination 

shows remarkably l o w  l e v e l s  of  damage. 



Table 4. Number of Defects, HFIR Fuel Elements 

~- 
Welds 

Tota l  
Number 'late Miscellaneous 

P l a t e  F ina l  Elements Dimensions 
Type A TYPe B Spacing Inspection Waivers 

Inner 

1-5 
6-10 
11-15 
16-20 
21-25 
26-30 
31-35 
36-40 
41-45 

Outer 

1-5 
6-10 

11-15 
16-20 
21-25 
26-30 
31-35 
3 6 4 0  
41-45 

3 
20 
14 
0 
1 
4 
2 
7 
1 

71 
24 
5 
32 
4 
10 
6 
14 
10 

21 
2 
0 
5 
0 
8 
1 
75 
0 

38 
0 
7 

24 
4 
4 
7 
1 
3 

15 
1 
4 
7 
5 
2 
0 
1 
1 

12 
1 
2 
7 
5 
3 
5 
3 
1 

11 
2 
0 
0 
0 
0 
0 
0 
0 

2 
4 
8 
1 
10 
5 

45 
1 
2 

0 
0 
0 
0 
9 
9 
9 
17 
10 

0 
0 
0 
20 
18 
23 
49 
20 
36 

24 
c) 

3 
1 
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